Introduction
Allogeneic hematopoietic stem cell transplantation (HSCT) is the preferred treatment of patients with high-risk acute leukemia, relapsed leukemia, and congenital or acquired bone marrow (BM) failure syndromes, and it has been used increasingly for the treatment of individuals with low-grade lymphoid malignancies. 1 More widespread use of allogeneic HSCT is limited by the occurrence of acute and chronic graft-versus-host disease (GVHD), which is mediated by donor T lymphocytes recognizing disparate minor or major major histocompatibility complex (MHC) antigens in the host. Donor T cells are activated in secondary lymphoid organs and migrate to GVHD target organs. These cells mediate a proinflammatory process that recruits other immune cells to target organs, leading to GVHD. 2 However, the kinetics of activation of donor conventional T cells (T cons ) and their interaction with host dendritic cells (DCs) have not been studied at a cellular level.
The interaction of T cells with antigen-presenting cells (APCs) has been evaluated in vivo using multiphoton laser scanning microscopy (MPLSM). Early studies demonstrated that pathogen-specific transgenic T cells in the lymph node (LN) had a tri-phasic mode of movement and activation. [3] [4] [5] After the entry of T cells into the LN, T cells formed brief contacts with DCs in a screening phase that lasted for approximately 4 to 8 hours. After screening, pathogenspecific T cells established long-lasting arrest on DCs for more than an hour, and this phase lasted 8 to 12 hours. After the phase of longlasting interactions with DCs, T cells proliferated, expanded, and differentiated. During activation, the interaction of T cells with DCs was again characterized by very brief interactions. Later, several studies found that relatively high concentrations of antigen can induce rapid or immediate arrest of transgenic T cells on DCs without an initial phase of T-cell screening. [6] [7] [8] These data would suggest that T-cell screening of DCs is not obligatory when antigen is abundant. 9 However, the relevance of these findings to immunity with diverse T-cell repertoires is not clear. All of the studies on T-cell and DC interaction using MPLSM have used transgenic T cells. Furthermore, some of these studies used concentrations of antigen that were not in the physiological range, with only a small population of APCs capable of presenting antigen. The behavior of naïve T cells with a broad repertoire has not been well characterized by MPLSM. In addition, there are no studies that have used MPLSM to evaluate a systemic inflammatory process such as acute GVHD.
Over the past 15 years, a new subset of CD4 1 T cells that express the transcription factor FoxP3 and suppress the activation and proliferation of other T cells has been characterized. [10] [11] [12] Work from our group and others have shown that these regulatory T cells (T regs ), if given in sufficient numbers, can prevent the onset of acute GVHD. [13] [14] [15] [16] [17] These findings have led to several early phase clinical trials in which T regs were given to recipients to prevent GVHD. [18] [19] [20] Although a limited number of patients were treated in these trials, the initial data suggested that T regs diminish GVHD without increasing the risk of disease recurrence or infection.
Interestingly, despite their clinical use, it is still unclear how T regs function to prevent GVHD. Our group showed that T regs with high levels of expression of L-selectin, a protein critical for the migration of lymphocytes into secondary lymphoid tissue (SLT), were much more potent at preventing GVHD than those with a lower level of L-selectin expression. 17 This suggested that T regs needed to migrate to SLT for their activity, although the mechanisms by which they interfere with T con activation in SLT are unknown. Furthermore, the use of T regs has been hampered by their low numbers in vivo and the difficulty of expanding these cells ex vivo. CD4
1 T cells in the presence of transforming growth factor (TGF)-b1 and interleukin 2 (IL-2) can be polarized to become FoxP3-expressing inducible T regs (iT regs ) and were shown to inhibit GVHD in a xenogeneic transplant model. 21 These cells, which are more easily generated and expanded ex vivo, have attracted interest as a potential therapy for the prevention of GVHD. However, preclinical studies using these cells were not successful in preventing GVHD, due in part to the ability of these cells to revert to effector T cells posttransplantation. 22 At this time, it is not clear if the function of iT regs is intrinsically different in their ability to suppress GVHD, or if their lack of function is mediated by FoxP3 instability or some other mechanism.
This study sought to determine the processes by which alloreactive T cells are activated by DCs in SLT. Additionally, we examined how T regs mitigate this activation and whether endogenous T regs or in vitro-induced T regs use the same mechanisms to suppress donor T-cell activation. 
Methods

Transplantation systems
Donor T cells and T-cell depleted (TCD) BM cells were prepared as previously described. 23 Recipient mice were irradiated at 800 cGy (BALB/c background) or 950 cGy (B6 background) 1 day prior to transplantation with 3 to 5 million donor T cells (or 3 million total T cells, with 2 million T regs ), and 4 to 5 million TCD BM cells. Donor wild-type (WT) or IL-10 2/2 T reg cells were prepared as previously described. 17 Because T regs in 8-week-old mice are composed of predominantly natural T regs and a much smaller population of iT regs , we have termed these cells endogenous T regs (eT regs ).
Generation of iT regs
CD4
1 T cells were purified from LNs and spleens using negative selection by magnetic-activated cell sorting (MACS). CD25 -CD4 1 T cells were then cultured for 4 days in a 24-well plate in complete Dulbecco's modified Eagle medium, containing 10% fetal bovine serum, 100 U/mL of IL-2, and 10 ng/mL of TGF-b. 
Intravital imaging
Results
Allogeneic donor T cells do not screen for host DCs in GVHD
Our group has shown previously that the infusion of 5 3 10 5 B6 T cells mediated lethal GVHD in irradiated BALB/c recipients, with all animals killed by day 25 post-BM transplant (BMT). 25 To observe the interactions between donor T cons and host DCs during the initial phase of GVHD in this model, we used intravital imaging of popliteal LNs of recipient mice. CD11c-DTR-GFP mice (BALB/c background) were irradiated and given labeled B6 donor T cells with TCD BM cells 1 day after irradiation. After transplant, the recipient mouse was anesthetized and the popliteal LN was surgically exposed and observed using the Olympus FV1000 ( Figure 1A and supplemental Figure 1a) . We found that the instantaneous and mean velocity of donor allogeneic T cells was diminished at 2 to 3 hours after transplantation, comparable to that found at 8 to 9 hours posttransplant ( Figure 1B-C) . The median displacement ratio was low from 2 to 3 hours to 8 to 9 hours posttransplant ( Figure 1D ). Combined with similar contact time between donor T cells and host DCs throughout the first 8 hours ( Figure 1E and supplemental Movie 1), these data suggest that allogeneic donor T cells require very little time screening DCs before forming long-term interactions after allogeneic BMT. However, the percentage of T cell and DC conjugates that lasted more than 30 minutes was modestly lower at 2 hours compared with the later time points (supplemental Figure 1b) , suggesting a small percentage of T cells did require screening of DCs presenting cognate alloantigens. Twenty to 24 hours after bone marrow transplantation, a subset of donor T cells began to increase velocity and displacement (supplemental Movie 2). By 24 hours after transplantation, the majority of T cells were moving rapidly ( Figure 1C ). These results indicated that the kinetics of allogeneic T con -DC interaction do not require a prolonged phase of short encounters to screen for antigen-expressing DCs, supporting the studies using transgenic T-cell receptor T cells with abundant antigen. 6 The stable contact phase between T cells and DCs ends at approximately 24 hours posttransfer. 3, 5 Syngeneic T cells had a higher instantaneous velocity and displacement ratio than allogeneic T cells ( Figure 1B-D) , indicating that differences in velocity and displacement ratio were not due to conditioning therapy alone. However, there was an effect of conditioning therapy, as syngeneic T cells had diminished velocity in irradiated recipients compared with syngeneic T cells given to nonconditioned recipients ( Figure 1B) . To examine the effect of a different type of conditioning, we repeated imaging using recipient BLOOD, 6 MARCH 2014 x VOLUME 123, NUMBER 10
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For personal use only. on April 4, 2017. by guest www.bloodjournal.org From mice conditioned with chemotherapy. CD11c-DTR-GFP mice were given intraperitoneal cyclophosphamide before transplant and imaging. We found comparable results between donor T cell and host DC interactions in mice conditioned with chemotherapy or radiation. The donor T cells had diminished velocity as early as 2 hours posttransplant and contact time between T cells and DCs was not significantly different up to 8 hours posttransplant (Figure 2A-C) . The percentage of T cell-DC conjugates that lasted more than 30 minutes at 2 hours was also slightly lower than at other time points (supplemental Figure 1c) , consistent with the data after irradiation. These data indicate that allogeneic donor T cells follow very similar kinetics in host LNs after transplant, which is independent of the process used for conditioning.
To confirm that these findings were not model-dependent, we evaluated the velocity of BALB/c T cells and their contact time with DCs after transplantation into CD11c-YFP B6 recipient mice. As shown ( Figure 2D-F) , BALB/c T cons have analogously low instantaneous velocity, decreased mean velocity, and similar contact time with DCs from 2 to 8 hours posttransplant. The percentage of T cell-DC interactions lasting more than 30 minutes is lower at 2 to 3 hours compared with 5 to 8 hours, but this difference was not significant (supplemental Figure 1d) . Thus, these data indicate that when antigen is not limiting, T cells need a very short time screening of DCs before they form stable interactions. Furthermore, this finding was not model-dependent.
Cotransplant of T regs disrupts T con -DC interactions
Several human clinical trials using eT regs with HSCT have shown that T reg therapy given prior, or at the time of HSCT, was associated with a reduced risk of acute GVHD. [18] [19] [20] Cotransfer of T regs at the same time as transplantation of donor T cons and TCD BM reduced GVHD in murine models. 13, 17 Therefore, we investigated how eT regs impede donor T-cell activation in real time in vivo. Over 85% of our purified eT regs expressed FoxP3 and they suppressed T con proliferation in vitro (supplemental Figure 2a-b) , which is analogous to the purity typically found after column-based purification clinically. We administered labeled T cons with unlabeled eT regs (T cons :T reg ratio of 3:2) to irradiated CD11c-DTR-GFP mice. We found that T cons transferred with eT regs have a significantly increased velocity by 6 to 7 hours posttransplant compared with T cons transferred alone ( Figure 3A and supplemental Movie 3). Additionally, the movement of T cons transferred with eT regs is less confined ( Figure 3B ). The interactions between DCs and T cons were substantially altered, with reduced median DC contact time when given with eT regs ( Figure 3C ). Furthermore, when infused with eT regs , less than 20% of T cons are in contact with DCs for more than 30 minutes. By comparison, 30% or more T cons interact with DCs for 30 minutes or longer when transferred without concomitant eT regs (supplemental Figure 3a) .
Next, we evaluated the interaction of donor eT regs with host DCs (Figure 3D-G) . The mean velocity of eT regs in the LN was similar to that of T cons from 3 to 24 hours posttransplant ( Figure 3E ). Eight hours after transfer, approximately 30% of eT regs were in contact with host DCs for at least 30 minutes; approximately 21 hours after transplant, 15% of the eT regs were still in contact with DCs for at least 30 minutes. These findings are comparable to the percentage of 
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lasting T cell-DC interactions found with transfer of T cons alone (supplemental Figure 3b and supplemental Movie 4). However, eT regs displayed much lower velocity than T cons when they were examined together ( Figure 3G ). Combined with the data showing that contact duration between T cons and DCs is reduced by eT reg transfer, we conclude that 1 method by which eT regs function is to diminish the early interaction (4 to 8 hours posttransplant) of T cons with host DCs.
To determine if the contaminating 15% of the cells given with our eT reg infusions affected these results, we sort purified T regs from FIR mice using the expression of mRFP to greater than 95% purity (supplemental Figure 2c) . No differences were found between the mean velocity, contact time, or displacement ratio after the use of highly purified T regs or less purified, more clinically relevant T reg preparations (data not shown).
Inducible T regs also reduce T con -DC interactions
Murine T regs can be induced in vitro by stimulating CD4 1 CD25
2
T cells in the presence of TGF-b1 and IL-2. Transfer of these iT regs suppresses allergic pathogenesis. 26, 27 However, several groups have shown that infusion of iT regs did not prevent acute GVHD in animal models, hypothesized to be due to instability of the iT reg phenotype. 22 Whether iT regs intrinsically function differently than eT regs is not clear. Thus, we examined the effect of iT reg transfer on the movement of donor T cells and their interaction with host DCs. The percentage of iT regs generated ex vivo and their function in suppressing proliferation was similar to eT regs (supplemental Figure 2d-e) . Interestingly, the velocity of T cons in the presence of iT regs was statistically greater in the first 4 to 5 hours posttransplant compared with the velocity of T cons in the presence of eT regs . This correlated with a statistically significant difference in the displacement ratio of T cons in the presence of iT regs compared with eT regs (Figure 4A-B) . As shown in Figure 4C and supplemental Figure 3c , iT regs reduced the interactions between T cons and DCs comparable to that found using eT regs at 8 hours after transplant (supplemental Movie 5). For personal use only. on April 4, 2017. by guest www.bloodjournal.org From
We also examined the kinetics of iT regs in LNs posttransplant ( Figure 4D ). The mean velocity of iT regs late posttransplant differed from eT reg after transplant, as iT reg velocity remained diminished even 21 hours after transplant ( Figure 4E) . However, the longitudinal interaction with DCs was equal between eT regs and iT regs from 8 to 24 hours posttransplant ( Figure 4F , supplemental Figure 3d , and supplemental Movie 6). These data suggest that iT regs function similar to eT regs early posttransplantation.
IL-10 is required for the disruption of T cell-DC interaction by eT regs IL-10 is one of the humoral factors that T regs use to suppress immunity in vivo. 28 IL-10-deficient T regs have been found to be less effective in preventing acute GVHD in animal models. 29 In addition, IL-10 has been shown to directly suppress the maturation and stimulatory functions of DCs. [30] [31] [32] Therefore, we sought to examine whether IL-10 2/2 eT regs had decreased the ability to block T cell-DC interaction in our intravital experiments. We found that the cotransplant of IL-10 2/2 eT regs with T cons failed to increase the velocity and displacement ratio of T cons ( Figure 5A -B). IL-10 2/2 eT reg also failed to decrease the contact time and the percentage of T cell-DC conjugates between T cons and DCs ( Figure 5C and supplemental Figure 3e ). Our data indicate that eT reg production of IL-10 was critical for the effects of donor T regs on the interaction between donor T cons and host DCs.
Both eT reg and iT reg decrease CD86 and CD54 on host DCs and diminish host DC number
One potential mechanism for the function of T regs in vivo is to directly interact with T cons to inhibit T-cell activation. To determine whether this is found in the allogeneic setting, we evaluated the interaction between T cons and T regs in the first 24 hours posttransplant. During this time frame, we were unable to find a significant interaction between these cells (supplemental Movie 7) that is consistent with the previous studies. [33] [34] [35] Because we observed that T regs interact with DCs in vivo, we investigated the expression of co-stimulatory molecules and molecules involved in synapse formation by host DCs after BMT. The molecules examined included CD80, CD86, CD40, CD54, CD70, B7-H3, and B7-H4. On day 1 after transplant, there was no difference in the expression of co-stimulatory molecules from DCs isolated from the spleen of mice transferred with T cons or eT regs (data not shown). However, a modest statistically significant decrease was found in the expression of CD69 by both activated donor CD4 1 and CD8 1 T cons in the presence of eT regs (data not shown). No difference on day 1 was found in the expression of CD25 or CD44 by donor T cells (data not shown). In contrast, on day 2 posttransplant, we found that DCs from recipient mice receiving eT regs had down-regulated CD86 and CD54 on host splenic DCs ( Figure 6A-B) . The transplantation of iT regs also reduced the expression of CD86 and CD54 on host DCs isolated from sLNs ( Figure 6C-D) . No differences were found in the other proteins evaluated. Evaluations past day 2 posttransplant could not be performed due to the paucity of host DCs present. Interestingly, and somewhat unexpected, while evaluating the effect of T regs on the expression of costimulatory molecules, we found that infusion of T regs led to a decrease in the number of host DCs, compared with the infusion of T cons . The average decrease in host DCs was 50% on day 2 after the infusion of eT regs or iT regs , compared with T cons (Figure 7A-B) . We then examined the death rate of DCs and found that the infusion of eT regs and iT regs induced a statistically significant increase in DCs expressing 7AAD 7-Aminoactinomycin D (7AAD) (Figure 7C-E) . Endogenous T regs in the recipient spleen expressed Fas ligand (FasL) and perforin ( Figure 7F-G) , whereas iT regs generated in vitro only expressed FasL (supplemental Figure 4 ). This suggests that 1 process by which host DCs were eliminated posttransplant was through T reg -mediated killing potentially via either FasL or perforin. 
Discussion
Allogeneic HSCT is the most effective cellular therapy for the treatment of specific malignant diseases. One of the significant complications that occur after allogeneic HSCT is the occurrence of acute GVHD. 2, 37 Multiple groups have shown that the interaction of donor T cells with host APCs is critical for the induction of acute GVHD. [38] [39] [40] Here, we have evaluated this interaction in vivo using MPSLM. We found that donor allogeneic T cons do not require a prolonged screening phase prior to specific stable interactions with host DCs. T cons establish long contacts with DCs 2 hours after arrival in the LN. The time for stable contact duration between T cons and DCs in this systemic model is approximately 20 to 24 hours. The frequency of long-term T cell-DC interactions is much lower at 24 hours after transplant, whereas alloantigens are still abundant, indicating that alloreactive T cells become refractory to further T-cell receptor stimulation after initial activation. We also found that eT regs and iT regs can significantly interrupt the interactions between T cons and DCs, which has been observed for eT regs in organ-specific autoimmunity. When used as the sole population of T cells after HSCT, eT regs , iT regs , and T cons have comparable interactions with host DCs. However, at later time points (.20 hours posttransplant), iT regs have lower velocity than the other 2 cell types, which is most likely due to their previous activation ex vivo. Finally, we have found that eT regs and iT regs down-regulate the expression of critical co-stimulatory and adhesion molecules by host DCs and induce host DC death.
A number of different groups have performed elegant experiments in pathogen-specific transgenic systems that defined the 3 phases of T-cell activation. [3] [4] [5] The interpretation for the initial phase of short interaction between T cell and DCs was that this was needed for pathogen-specific T cells to sample APCs presenting the correct peptide:MHC complex for T-cell activation. Thus, 8 to 12 hours after this initial phase, pathogen-specific T cells have identified APCs presenting the correct peptide:MHC complex and engage in a prolonged period of contact necessary for T-cell activation. However, subsequent studies using high concentrations of antigen failed to detect an initial phase of transient interactions and instead visualized the formation of long-lived T cell-DC contacts very early in the response. 6, 7 Our study found that the majority of T cells were still in the lumen of the high endothelial venule of the LN at 1 to 2 hours after transplant (data not shown). Therefore, we started our analysis 2 hours after transplant. A subset of T cells, approximately 20% to 25% of the T cells imaged, maintained prolonged interactions with host APCs for more than 30 minutes starting 2 hours posttransplant (supplemental Figure 1b) . Although the percentage of these longinteracting T cells increased to 25% to 30% from 2 hours to 3 hours, it indicated that the majority of alloreactive T cells had already established stable contact with DCs 2 hours after transplant. Thus, we were not able to demonstrate a distinct screening phase of transient interactions in the allogeneic setting. We believe that the absence of this screening phase is because alloreactive T cells can be activated by any APC. Our data support a paradigm for T-cell activation in the presence of antigen abundance, in which the scanning of APCs is not necessary. 9 This finding would also explain why prophylactic drugs For personal use only. on April 4, 2017. by guest www.bloodjournal.org From need to be present for a significant amount of time prior to the infusion of donor T cells, as the expansion of donor T cells occurs almost immediately after their infusion.
The infusion of T regs has very quickly moved into the clinic, with multiple groups in the United States and abroad using this approach to prevent acute GVHD. [18] [19] [20] Interestingly, this is being performed despite a limited understanding in regard to how these cells function in vivo. Our work suggests that T regs use multiple mechanisms to prevent T cons activation in vivo, centered on disruption of T con -DC interactions. DCs are potent APCs due to multiple factors, including the ability to take up antigen, the expression of co-stimulatory molecules critical for T-cell activation, and the generation of cytokines critical to polarizing a T-cell response. 41 Our data indicate that the prolonged interaction of donor T cons with host DCs is markedly diminished in the presence of donor eT regs or iT regs . We believe that this is one critical mechanism by which T regs function in secondary lymphoid tissue to prevent acute GVHD. Interestingly, iT regs functioned better initially than eT regs , probably due to their prior activation ex vivo. We found additionally that donor T regs can reduce the expression of critical co-stimulatory and adhesion molecules, such as CD86 and CD54. It is interesting that previous investigations have identified CD28:CD80/CD86 and LFA-1:CD54 interactions as important for the generation of the immunological synapse. 42 Therefore, one method by which T regs could block T con activation is by altering proteins present in the immunological synapse and increasing the signaling threshold needed to activate T cons . Our group is currently evaluating this hypothesis.
Another method we found that may be responsible for the function of T regs is the induction of death of host DCs. Previously, Boissonnas et al 36 evaluated the effect of T regs on the viability of DCs from tumordraining LNs. They found that reducing T reg numbers using anti-CD25 antibody or the administration of diphtheria toxin to FoxP3-DTR mice led to an increase in DCs. Death of DCs in this model was dependent on perforin expression by T regs . Our data suggest that the administration of T regs may lead to an early increase in the death of host DCs, consistent with Boissonnas et al's 36 previous finding. Our ex vivo studies indicate that iT regs and eT regs have significant expression of FAS ligand and more modestly, perforin, which may mediate the death of host DCs found in this study.
The fact that iT regs can interrupt T con -DC interaction better than eT regs early posttransplant demonstrates that they are intrinsically functional in vivo. It is advantageous to use these iT regs in human cellular therapy because they can be generated more easily and in larger numbers than eT regs . However, the inflammatory nature of GVHD may create an environment that is not conducive to maintaining the expression of FoxP3 by iT regs or support their survival over time. This would suggest that separating iT reg infusions from conditioning therapy may improve their function.
Finally, we showed that IL-10 is required for T reg -mediated disruption of T con -DC stable contacts. IL-10 has been shown to down-regulate co-stimulatory molecules on DCs, whereas IL-10 neutralization has shown no effect on T-cell activation in vitro when T cells were stimulated with anti-CD3. 43 In addition, IL-10 deficiency or blockade had no effect on T reg -mediated suppression of T-cell proliferation in vitro when DCs were not present. 28, 44 Therefore, it is unlikely that IL-10 directly causes T cons to decrease their interaction with DCs. One hypothesis consistent with these data is that IL-10 down-regulates CD54 and CD86 on DCs, preventing T cons from forming stable contacts with DCs (supplemental Figure 5) .
In summary, our findings shed new light on the activation of donor T cells by host APCs found after allogeneic stem cell transplantation. In addition, we have found that eT regs and iT regs use a number of different approaches to block the activation of donor T cells by altering the early interaction between host APC and donor T cell.
